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This paper presents a single-phase 11-level (5 H-bridge) cascaded multilevel DC-AC converter that has implemented a Phase Locked Loop (PLL)
and Maximum Power Point Tracking (MPPT) with 5 separate solar panel
DC sources. This topology upgrades the conventional 3-level Pulse Width
Modulation (PWM) controlled converter with advantages such as smoother
output waveforms, more flexibility in voltage range, smaller filter size, and
switching angle control. Simulation results of voltage synchronization using
PLL and experimental setup and results implementing the entire converter interface are also presented.

Introduction
Because energy resources and their utilization will be a prominent issue of this century,
the problems of natural resource depletion, environmental impacts, and the rising demand
for new energy resources have been discussed fervently in recent years. Several forms
of renewable zero-pollution energy resources, including wind, solar, bio, geothermal and
so forth, have gained more prominence and are being researched by many scientists and
engineers [1-2]. In the solar energy field, several companies continuously research and
manufacture more efficient solar panels to convert solar energy into electric energy, and
more specifically, in the form of a DC source. Power electronics engineers, on the other
hand, have come up with ways to convert DC voltage into AC voltage for direct use with
AC loads or to interface with the existing AC electric grid.
Most solar cell installations involve the use of multiple solar panels or modules,
which are connected in series or parallel. The cascaded H-bridge multilevel converter topology requires a separate DC source for each H-bridge, so the combination of the multiple
modules with a multilevel converter makes it one of the suitable options for this type of
http://trace.tennessee.edu/pursuit
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application. Traditional multilevel converters include the cascaded H-bridge converter, diode clamped converter, and flying capacitors converter [3-6]. This paper presents a singlephase 11-level (5 H-bridge) cascaded multilevel converter that has implemented a Phase
Locked Loop (PLL), which allows synchronization and interaction of the inverter with the
grid, and a Maximum Power Point Tracking (MPPT), which assures optimum operation of
the solar panels, with 5 separate solar panel DC sources. This new topology upgrades the
conventional three-level PWM converter with advantages such as smoother output waveforms, more flexibility in voltage range, smaller filter size, switching angle control, etc.

Multilevel Converter and PV Interface
The overview of the Photovoltaic (PV) inverter can be illustrated by Fig. 1. The details of
each part are discussed below.
The core component of this inverter design is the four-switch combination shown in
Fig. 1. By connecting the DC source to the AC output by different combinations of the four
switches, Q11, Q12, Q13, and Q14, three different voltage output levels can be generated, +Vdc,
0, and -Vdc. The DC source in the inverter comes from the PV arrays, and the switching
signals come from the PWM controller. The 11-level converter connects five H-bridges in
series controlled by five sets of different PWM signals so that a near sinusoidal waveform
can be generated by turning on each level at different times.
Figure 1. Control block diagram of solar panel and multilevel converter.

The switches are modulated using the well known Sinusoidal Pulse Width
Modulation (SPWM), however, each of the five inverters has its own triangular carrier that
is compared with the same reference waveform (sine wave) to generate the driving signals.
If the reference signal is greater than the carrier, then the output signal is 1. Since there
are five H-bridges, and within each H-bridge there are two PWM signals, one controlling
switches Q11 and Q13 and the other controlling switches Q12 and Q14, there are totally ten
PWM signals required for the single-phase 11-level multilevel converter. Notice that the
sum of all the five signals for switches Q11 and Q13 and the sum of all the five signals for
switches Q12 and Q14 actually produce a near sinusoidal waveform [7-9]. To smooth this
near sinusoidal waveform, an LC filter is added to the inverter output. To achieve best
filtering results, the values of the capacitor and the inductor are added as 50μF and 1mH,
respectively.
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To synchronize the inverter with the grid, it is necessary that the inverter produce an
output voltage in phase with the grid. In addition, the reference signal to the inverter must
be noise proof with respect to the grid. To generate an in-phase reference signal, a Phase
Locked Loop (PLL) algorithm is used. Typical PLL algorithms include inverse Park-based
PLL, Hilbert transformer-based PLL, and transport delay-based PLL [10-13]. The one to
be included in this design is the transport delay-based PLL. Fig. 2(a) shows the block diagram of this PLL algorithm. Notice that the delayed angle can be directly controlled at the
computer during the experiment to provide the signal in quadrature with the grid, which is
the input to the park transform block. The PLL output is the actual angle position of the grid
voltage. This signal is used to generate the sine wave that is used as the reference signal to
the control system, which will drive the switches. The time required for synchronization
will be dependent on the PI block parameters. Fig. 2(b) shows the PLL synchronization
simulation. In that figure, the PLL starts its synchronization at 0.03 second, and it is in
synchronization after about 0.13 second. Since the angle is now known, it is possible to
control the phase difference between inverter and grid by controlling θgrid. This allows the
power flow to be controlled according to equation,

P=

Vinv ⋅ Vgrid
XL

sin δ

where Vinv is the inverter voltage, Vgrid is the grid voltage, XL is the connection impedance,
and δ is the angle between grid and inverter.
Figure 2a. Transport delay-based PLL algorithm.

Figure 2b. Voltage synchronization and phase shift using PLL.
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The addition of a Maximum Power Point Tracking (MPPT) system helps in determining
the most efficient point of operation of the solar panel voltage. It monitors voltage and
current parameters by making small changes on the phase angle and looking at the power
variation, as in a hill climbing optimization method to track the maximum power point
[14-15]. Thus, there exists a point where the maximum power, P = VI, can be obtained.

Experimental Demonstration
Each one of the five H-bridge has its own PV set connected as an independent source. The
control signals to the bridges are sent by the OPAL-RT workstation where software and
I/O boards are installed. The system acquires grid voltage and inverter output current and
voltage to the control block to generate the driven signals to the inverter. Fig. 3 shows the
experimental solar panel and the multilevel converter setup.
Figure 3. Experimental setups. (a) PV Module comprised of five solar panels. (b)
11-level (5 H-bridges) cascaded multilevel converter.

The RT-Lab control platform, which connects the software (PWM, PLL, MPPT)
with the hardware (solar panel, grid, 11-level cascaded H-bridge converter, RLC filter) to
create a real time workshop, is the main tool to perform the experiments. After carefully
installing diodes on the solar panels to prevent reverse current flow that may cause damage,
a 2000 Hz discrete-time RT-Lab drives the converter with five solar panels as DC inputs
and the 120 V 60 Hz AC as grid. Fig. 4(a) shows unfiltered and filtered sinusoidal voltages
with all five levels of H-bridge converter under PWM control. On a sunny day, each solar
panel can ideally output 24 V (however, the output voltage is 20 V on average), so the
maximum possible input is 120 V. Fig. 4(a) shows the inverter unfiltered voltage before the
transformer, which is used to step up the voltage at grid levels. It can be noticed that they
are in synchronization and have the same RMS (root mean squared) value. In Fig. 4(b), a
15° phase shift is applied and power is transmitted from the solar panel to the grid. Inverter
voltage and current are shown together with the grid voltage in this case.
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Figure 4. Experimental voltage and current waveforms. (a) Utility voltage and unfiltered output voltage of multilevel inverter. (b) Current waveform for grid connected
multilevel converter.

Conclusions
This paper presents an 11-level PWM H-bridge cascaded PV converter, which uses PLL
and MPPT with separate solar panel DC sources to enable grid interaction. The entire
PV inverter structure and each core component of the inverter are analyzed in detail. The
Simulink simulations provide a solid theoretical basis for the functions of the PV inverter,
including PWM signal generation, PLL phase delay, LC filtering, and the feedback sinusoidal AC current. Furthermore, experimental results indicate that a significant amount of
solar panel voltage can be applied using the 11-level, and that clearly a certain amount of
power can be drawn and fed back to grid from the solar panel. Future application of this
model can be implemented for solar-powered houses, for example, on which a large array
of solar panels can be installed and electric power up to a few kilowatts can be generated.
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